In order to evaluate genetic differentiation among three color variants (red, green and black) of Japanese sea cucumber, Stichopus japonicus, 11 isozyme loci were used as genetic markers for 448 individuals collected from four localities around Japan. Significant differences of allele frequencies were observed between all pairs of color types sympatrically. Average genetic distances at seven loci between the three sympatric color types were 0.0173 between the red and the other color types, and 0.0015 between the green and the black types. A dendrogram drawn from genetic distances among the three color types across all four localities showed two distinct clusters comprising all the red types and all the green and the black types, respectively. These results indicated that the red type showed definite genetic differentiation from the other color types.
INTRODUCTION
The Japanese sea cucumber Stichopus japonicus, inhabiting the shallow shelf of coastal sea around Japan (from Hokkaido to Kyushu), China, the Korean Peninsula and Far Eastern Russia is one of the most important seafoods in those countries. 1 Color variation of the species has been found almost all around Japan; 1 in general, they are classified into three groups: red, green and black, according to their visual color. Color variation is one of this species' most important traits, affecting the taste and the price of the products in Japan. Choe 1 researched the morphological, physiological and ecological differences among these color types, and reported many differences (i.e. habitat, spawning season, the morphology of ossicle, polian vesicle) between the red and the green types. Nishimura 2 reported that the red type inhabits the gravel bed offshore, while the green and the black types inhabit the sand-muddy bottom inshore. Kanno and Kijima 3 evaluated the three color types and indicated that the red type could be clearly distinguished from the other color types; however, the taxonomical position of the three color types has not yet been resolved.
Genetic markers, such as isozymes and/or DNA polymorphisms, are considered to be powerful tools for detecting taxonomical differentiation. On the genetic analysis of Holothroidea, Uthicke et al. 4 surveyed isozyme variations at five polymorphic loci in Holothuria atra, and Arndt and Smith 5 examined the population structure of two species of sea cucumber based on mitochondrial DNA sequence analysis. Only a few genetic studies have been reported on sea cucumber species and, until recently, none on the Japanese sea cucumber S. japonicus. Kanno and Kijima 6 identified 10 isozyme loci controls for nine enzymes and reported the exceedingly high genetic variability in S. japonicus. These isozymes are expected to be useful genetic markers and provide a means of determining the genetic differences between these color types of the species.
The aims of the present study were to clarify the genetic differences, to estimate a degree of genetic differentiation and to discuss the reproductive isolation among the three color variants of the Japanese sea cucumber, by using electrophoretically detectable isozyme markers.
MATERIALS AND METHODS
Specimens of S. japonicus were sampled from four localities around Japan (Fig. 1) . Data on the specimens are shown in Table 1 . The color types of specimens were determined by ventral color based on the standard established by Choe and Oshima. 7 Typical individuals of each color type are shown in Fig. 2 . The ventral marking of the red type is characteristically magenta or cranberry red; of the green type, anything from dark bluish green to yellowish brown or dark brown; and of the black type, inky or intense black. The specimens collected were transported to our laboratory (ERCOMB) and kept in an aquarium until tested. The body color of all specimens did not change during the 1-2 years they were maintained.
Detection of isozymes was carried out according to a modification of the methods given in Fujio and Ikeda. 8 Approximately 200 mg intestine from each specimen was minced in a 1.5-mL microtube and frozen at -20∞C until the electrophoretic run. A total of nine enzymes were assayed: aspartate aminotransferase (AAT, E.C.2.6.1.1), glyceraldehyde-3-phosphate dehydrogenase (G3PDH, E.C. Hardy-Weinberg exact tests and population differentiation tests among the color types were performed by GENEPOP version 3.1d. 9, 10 Probability values for these tests were estimated using a 
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Markov chain method (dememorization number = 1000; 100 batches; and 1000 iterations per batch). Nei's genetic distances 11 were calculated between every pair of color types of all lots and the dendrogram was drawn by using UPGMA.
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RESULTS
A total of 11 loci (10 loci were identified by Kanno and Kijima 6 and an additional locus) were estimated; AAT*, G3PDH*, GPI*, IDHP-1*, IDHP-2*, MDH-1*, MDH-2*, MPI*, PGM-1*, PGDH* and SOD*. Because of low enzyme activity, we could not detect the locus IDHP-1* in'99 Hokkaido or'99
Miyagi, nor could we detect the loci AAT*, MPI* and PGM-1* in'01Oita. Therefore, statistical analyses within regions were carried out using all available loci, and those across regions were carried out using seven loci that were detected in all regions. Allele frequencies for each locality and each color type were calculated as shown in Table 2 . Major alleles of each locus were generally identical in all localities and in all color types, but allele frequencies fluctuated among them. At AAT*, GPI*, PGDH* and PGM-1*, obvious differences of allele frequencies were observed between the red and the other color types.
Hardy-Weinberg exact tests were carried out for two localities comprising three color types. Significant deviation was observed in'01Miyagi (c 2 = 31.5, P = 0.049, at 11 loci), but not in'01Oita (c 2 = 11.0, P = 0.528, at eight loci). Population differentiation tests were then performed on color variants of S. japonicus in the different localities (Table 3 ). The first tests for allele frequencies at the available loci were performed on'01Miyagi samples. Among the three sympatric color types, significant differences (P < 0.05) were observed at M Kan-No and A Kijima four loci (AAT*, GPI*, MPI* and PGM-1*), suggesting the existence of genetic heterogeneity among the three sympatric color types. In the pair analyses, significant differences were observed at two loci (GPI* and PGM-1*) between the red and the green types, four loci (AAT*, GPI*, PGDH* and PGM-1*) between the red and the black types, and three loci (AAT*, GPI* and MPI*) between the green and black types.
The same tests on the three color types were performed at eight available loci in '01Oita samples ( Table 3 ). Significant differences (P < 0.05) were observed at two loci (GPI* and PGDH*) among the three color types, at one locus (PGDH*) between the red and the green types, at two loci (GPI* and PGDH*) between the red and the black types, but at no locus between the green and the black types. The tests on '01Aomori samples performed at 11 available loci showed significant differences at one locus (MPI*, P = 0.001) between the green and the black types (data not shown).
Nei's genetic distances (D) between the color types in our four localities were calculated from the allele frequencies based on the seven loci ( Table 4) . As the results, the minimum D-value, 0.0003 was detected between the green and the black types in the'01Aomori sample, and the maximum D-value, 0.0304, was discovered between the red and the green types in the'01Oita sample (Table 4) . Average D-values within each color type were 0.0032 within the red type, 0.0020 within the green type and 0.0011 within the black type, while the averages between types were 0.0175 between the red and the green types, 0.0171 between the red and the black types, and 0.0015 between the green and the black types. Clearly, larger D-values were observed between the red and the other color types.
The dendrogram drawn among all sampling lots showed two distinct clusters, comprising all the red types and all the other types, respectively (Fig. 3) . However, the green and the black types were not divided clearly.
DISCUSSION
The major alleles of each locus were generally identical through the color types, and any peculiar allele to one color type was not observed at all loci surveyed. However, significance of allele frequencies was clearly observed between all pairs of color types. This indicates that the gene flow between sympatric color types was restricted to some degree, and three color types do not constitute a single population.
Choe and Oshima 7 reported some distinct morphological and ecological differences between the green and the black types; the shape of the polian vesicles, egg, ossicles, the spawning period and capable of regeneration etc. From these observations, Choe 1 concluded that these differences between the red and the green types suggested far more than a mere variation or, more precisely, to constitute fair grounds for establishing a new species.
Nei's genetic distance (D) between the red and the other color types was 0.0096-0.0304 (0.0173 in average), based on seven loci. Nei 13 noted that the D-value is approximately 1.0 between species, 0.1 between subspecies and 0.01 between local races in a variety of animals. According to the above criteria, the D-value between the red and the other types in the present study could only be considered as a local race level difference. However, these differences were observed even in the same locality and, in addition, the red types from distant two localities (Miyagi and Oita) clustered together. This indicated that the red type is reproductively isolated from the other color types. Indeed, experimental D-values between closely related sympatric invertebrate species or subspecies; 0.178 between two sympatric types of shrimp Palaemon paucidens 14, 15 and 0.156 between two sympatric forms of grapsid crab Hemigrapsus penicillatus 16 indicating the existence of reproductive isolation between the types.
Regarding the green and black types, genetic differences were detected within regions, but Dvalues were consistently low; 0.0005-0.0038 (0.0015 average). This indicated that the green and the black types are very closely related genetically although the gene flow between them is not limitless.
Kanno and Kijima 3 evaluated the color traits of S. japonicus qualitatively (composition of pig- Table 4 Nei's genetic distance between all pairs of color type lots with seven loci in Japanese sea cucumber Stichopus japonicus Lot 
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ments of skin) and quantitatively (distribution of color values) and showed that the same pigments and continuous distribution of color were observed between the green and the black types, while the red type was clearly independent in both ways. The genetic features quantified in the present study corroborate their observations. In nature, red-type individuals tend to inhabit gravel beds offshore while the green and the black types inhabit sand-muddy beds inshore, although the three color types inhabit quite sympatrically in some area. 2 Reproductive isolation might have occurred in such microhabitat differentiation. However, the clear genetic independence of the red types could not be explained by differences of microhabitat only. Other reproductive isolation systems preventing the free mating between the red and the other types probably exist. To confirm such conclusion, it will be necessary to examine the possibility of mating between color types and to confirm the expression of pigments in offspring through mating experiments.
